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Introduction
35C1 nuclear quadrupole resonance (NQR) studies of l,2,3-trichlorobenzene-d3 were made by Bray and Barnes [1, 2] . Six 35C1-NQR lines were detected at 77 K, corresponding to 2 crystallographic inequiva lent molecules per unit cell. However at room temper ature no signals were found. Further investigations of the com pound have been reported by Tatsuzaki [3] . He found a bleaching out of the 35C1-NQR frequen cies at a tem perature (TB) of about 230 K. In addition, measurements of the 35C1-NQR linewidths, X H -N M R linewidths, and of the dielectric constant (e') as func tions of tem perature were made. No variation of the 'H -N M R linewidths was detected, whereas the 35C1-N Q R lines show broadening near the bleaching out temperature. The dielectric constant increases from the low tem perature value (2.19) to the high tem pera ture value (2.59) at a tem perature of 255 K. The bleaching out of the 35C1-NQR lines was explained by a reorientation of the molecules around an axis per pendicular to the molecular plane. A determination of the crystal structure of the protonated com pound by means of neutron diffraction is due to Hazell et al. [4] . The structure contains two inequivalent molecules per unit cell, as predicted by 35Cl-NQR-spectroscopy. The structure was refined using a rigid-body con straint [5] . Sharm a et al. [6] determined the orientation of the electric field gradient tensors (EFGT) by means of 35C1-Zeeman-NQR methods. The linewidths and the spin-lattice relaxation times (Tx) of the 35C1-NQR lines as functions of tem perature were also studied. Increasing linewidths and decreasing 7\ above 230 K were observed, and activation energies for the bleach ing out process were determined. Both molecules show slightly different activation energies (molecule 1: 30.6 kJ/mole, molecule 2: 35.6 kJ/mole). An order-disorder phenom enon was proposed as the reason for the bleaching out of the 35C1-NQR lines. Investigations of the deuterated com pound C 6C13D 3 were performed by W igand et al. [7, 8] . The quadrupole coupling con stants of the deuterium nuclei were measured as func tions of tem perature; they show no change with tem perature. Furtherm ore principal axes, magnitude and orientation of the E FG T of the 2H nuclei were deter mined. A reorientation of the molecules was discussed in order to explain the bleaching out of 35C1-NQR lines.
Experimental
The com pound was prepared by catalytic deutera tion of commercial 1,2,3-trichlorobenzene with D 20 / DC1 and D 2/DC1. After several cycles a degree of deuteration of about 90%, determined by X H-NM R, was obtained. The substance was then purified by zone refining. Single crystals were grown from ethanol solution by slow evaporation of the solvent [7] , A crystal with dimensions 8 mm x 8 mm x 4 mm was used for the room tem perature neutron diffraction study (295 K). The material shows high vapour pres sure at room tem perature; it was necessary to enclose the sample in an aluminium container. In order to reduce extinction effects, the highly perfect crystal was quenched in liquid nitrogen. Some strong reflections, e.g. (0 0 2), show an increase of intensity by a factor of 6 after quenching. A second crystal (8 mm x 8 mm x 3 mm), used for the low tem perature measurement, was treated in the same way.
The neutron diffraction experiments were carried out at the P I 10 4-circle-diffractometer ("h o t" source, 5C2) at the Orphee reactor, Laboratoire Leon Brillouin, C.E.A. -C.N.R.S., C.E.N. -Saclay. The cell parameters at room tem perature were determined from a set of centered angles of 20 reflections. The low tem perature cell param eters were determined using 19 reflections. A tem perature T = 158 K was obtained by means of a single-stage D ISPLEX cryorefrigerator. The temperature was stabilized within + 1 K during the time of the experiment. For measuring as many reflection intensities as possible the norm al bisecting mode of measurement was accomplished by the ijj scan technique. Two standard reflections were re peated every 180 min to control the stability of the experiments. During the room tem perature measure ment the standard reflections show a slight decrease of intensity of about 2% within 13 days, probably due to some evaporation of the sample.
To get reliable inform ation about the thermal parameters it is necessary to collect intensity data up to rather high sin 9/k values. In order to optimize the measuring time with respect to the quality of the data and the num ber of significant reflections, the reflec tions at higher sin 9/a were collected, sorted by the values of their calculated structure factors. The model used for the calculation of structure factors was based on the results of Hazell et al. [4] accomplished by the already measured lower angle reflections. We have developed this measuring procedure and used it for the low temperature experiment. The diffractometer software was modified in order to sort the reflections according to their calculated structure factors. Thus the ratio between measured and observed reflections can be considerably increased, and about 50% of the measuring time can be saved. The saved time was used to improve the I/o ratio of weaker reflections.
The intensities of both experiments were collected with the step scan technique (35 steps, variable range, profile measurement, background correction) with counting times between 0.7 and 4 seconds per step. In order to get more reliable intensity data, the reflec tions were measured twice symmetrically equivalent. The integration of peak intensities was made with 6 points for the left and the right background. A bsorp tion correction using the crystal shape was applied. The absorption coefficient (n = 0.56 cm -1 ) was deter mined by minimizing the internal R value of the data. Extinction corrections lead to no significant changes in the atomic parameters or R values. Extinction effects seem to become rather small by quenching the crystal in liquid nitrogen. The scattering lengths used were: bD = 6.67 fm, bcl = 9.58 fm, bc -6.65 fm [9] .
The experimental conditions are summarized in Table 1 . The refinement was carried out with the program chain of Lundgren [10] (UPALS, etc.) at C.I.R.C.E. center (France) on an IBM 3090 computer. Structural drawings including therm al ellipsoides were made using O R T E P [11] , further figures with a home made program H A N D LE 3 [12] .
Results and Discussion
While cooling down the crystal to 158 K the inten sities of several reflections were measured every 10 K.
The temperature variation of these reflections show an increase of intensity of about a factor 2 ( Figure 1 ). The reflection (7 1 2) shows a decrease of intensity with decreasing temperature. This behaviour is probably caused by the special phase relation for this reflection. The temperature variations show no discontinuity or change in slope. No effects which correspond to the bleaching out of the 35C1-NQR frequencies were ob served.
The space group of the title com pound was con firmed to be P 2 i/c = C |h with 8 molecules per unit cell (2 inequivalent molecules). The cell param eters are a = 1264 (4) Figure 2 . An "averaged" molecule was added for the discussion of the molecular geometry. The arrange ment of the molecules in the unit cell is shown in Fig. 3 ; projections of the molecules and the pairs are given in Figure 4 .
The structure was refined to R(F) = 5.1% (295 K), RW (F) = 3.6% (295 K) and R(F) = 3.2% (158 K), RW (F) = 2.9% (158 K). The final positional and equiv alent isotropic thermal parameters (ß equ) for both ex periments are listed in Table 2 . Further information about the structure determ ination can be obtained from [13] . The molecules are slightly distorted from ideal geom etry. Molecule 2 shows the stronger deviations. The averaged bond lengths are 139.8 pm for the C (1)-C (2), C (2)-C (3), 137.7 pm for the C (3)-C <4), C (1)-C (6), and 138.9 pm for the C (4)-C (5), C (5)-C (6) bonds. The C -C1 distances vary between 171.9 pm for the C (1)-C 1(1), C (3)-C 1 (3), and 171.3 pm for the C (2)-C 1 (2) bond. The C -D bonds show an averaged bond length of 107.8 pm. These values are averaged over the two molecules in the unit cell for the 158 K study. d(C (1)-C (2)) and d (C (2)-C (3)) are elongated due to the repul sive interaction of the chlorine atom s (see Table 3 ).
The angles C (6)-C (1)-C 1(1), C (4)-C (3)-C 1(3), and C (1)_ c (2)-C (3) are smaller than 120° (Table 4) . Devia tions of the endocyclic angles from 120° can be ex plained by applying the valance-shell electron-pair re pulsion theory (VSEPR) [14, 15] . Increment tables for certain substituents of the phenyl system are pub lished in [16] , The values calculated from the incre ments are in good agreement with the experiment (Table 5) .
The positions of the non-hydrogen atoms do not differ significantly ( ä 1 e.s.d.) from the values deter mined for the protonated com pound [4] . The bond lengths of the C -D bonds are by about 1 pm shorter than the C -H bonds. Assuming an anharm onic inter atomic potential, C -D bonds are shorter than the C -H bonds due to a smaller zero point energy of the C -D system. The bonds C (1,6)-H (1,6) and C (2'4)-H (2'4) show a different behaviour (Table 6) , be ing shorter than the corresponding C -D bonds. We cannot explain this difference, which was not visible in our structure analyses on the deuterated compound. Perhaps there might be some experimental difficulties in the study of protonated 1,2,3-trichlorobenzene, due to the strong incoherent scattering.
The distances between the planes of a pair of molecules are 352.1 pm (molecule 1: 295 K), 353.1 pm (molecule 2: 295 K), and 345.6 pm (molecule 1: 158 K), 346.4 pm (molecule 2: 158 K). The angles be tween the molecular planes of the inequivalent molecules were determined to 75.1° (295 K) and 76.1° (158 K). Both molecules show almost planar confor mations. Equations and distances of the atom s to the calculated best planes are given in Table 7 . Largest deviations are found for the chlorine atoms, up to 1.6 pm, and the deuterium atoms, up to 1.8 pm. The "non-planarity" of the molecules is slightly increasing with decreasing temperature. The shortest intermolecular distances were calcu lated for all combinations of carbon, chlorine, and deuterium atoms (Table 8 ). These distances are in good agreement with the sums of the van der Waals radii [17] . The interm olecular interaction is therefore dom inated by van der Waals interactions. An aver aged shortening of the interm olecular distances of 6.8 pm between 295 K and 158 K was observed. The same effect is found for the distances between the pairs of planes. This can be understood by the smaller influ ence of the thermal m otion at lower temperatures. The larger thermal librational amplitudes will increase the intermolecular repulsion. This causes increasing dis tances between a pair of molecules with increasing temperature. The intram olecular chlorine distances vary between 312.1pm and 313.6 pm (295 K) and 312.9 pm and 314.5 pm (158 K). The intramolecular distances and bond angles (Tables 3 and 4) show no significant tem perature de pendence. Variations of distances and angles are within 1 e.s.d. for all atoms.
The tem perature factors Bequ reveal an interesting behaviour. The values increase with increasing dis tance of the atom from the center of mass of the mole cule (Table 2 ). This phenom enon can be explained by assuming thermal motions of the molecule as a whole. The molecular frame is the benzene ring which hinders uncorrelated motions of the atoms. Therefore, vibra tion of the molecule as a whole dom inates the thermal motion. The variations of ß equ with the distance from the center of mass was also found for the low temper ature experiment. To verify the rigid-body behaviour, (1'3 -C (1'4) -d (1-4) 118 calculations of T-, L-, S-tensors were carried out with the program XANADU by Roberts and Sheldrick [18] . The formalism corresponds to that given by Schomaker and Trueblood [19] . By calculation, good agreement for the room and low tem perature data is found. The quality of the calculation is expressed by the Rg value. Rg describes the agreement of observed and calculated orthogonalized anisotropic tem pera ture parameters. We obtained R g = 5.53% (mole cule 1) and Rg = 5.31 % (molecule 2) at room tem pera ture and Rg = 9.26% (molecule 1) and Rg = 9.06% (molecule 2) for the low tem perature experiment. The lower Rg value of the room tem perature study is caused by the more im portant contribution of the molecular librations at higher temperatures. The cor rections of the bond lengths due to the rigid-body motion are referred in Table 9 . The maximum change of the bond lengths is 1.2 pm. The T-, L-, S-tensors are given in Tables 10 and 11 . The positions which give symmetric S-tensors have an averaged distance of 30 pm to the center of mass of the molecule. The evaluation of the equivalent isotropic tem pera ture factors (Bequ) as functions of tem perature leads to Table 7 . Distance to the best planes calculated for 1,2,3-trichlorobenzene-d3. [9] ; x: occupation factor, y: degree of deuteration). In a first step, all occupation factors of the deuterium sites were refined independently. This leads to very similar results for the two molecules and for the 4-and 6-positions within each molecule. This result can be understood easily: the two crystallographically inequivalent molecules and the 4-and 6-positions of a molecule are chemically equivalent. Thus an identical degree of deuteration of these posi tions should result. Therefore in a second step, the occupation factors of the 4-and 6-positions and sepa rately of both 5-positions were constrained. A degree of deuteration of 96.0(6)% (295 K) and 95.2(4)% (158 K) was calculated for the 4-and 6-position. A degree of the deuteration of 93.0(6)% (295 K) and Table 8 . Shortest interm olecular distances in l,2,3-trichlorobenzene-d3. Distances marked with * are not the shortest C l-C l distances. Table 11 . Rigid-body analysis of l,2,3-trichlorobenzene-d3 (158 K), x, || a*, j>|| c x a*, z || c. T ten so r/p m 2 141(9) -5 2 (9 ) 150 (11) 10 (7) -5 ( 8 ) 115 (8) 138 (8) 37 (9) 164 (10) 22 ( cance of the decrease of the Rw value was confirmed by the "H am ilton" test (M factor test) [20, 21] . A signifi cance level of better than 99.5% was determined. Difference Fourier syntheses for the planes of the molecules show no structures. A difference Fourier synthesis for a molecule of type 1 is shown in Figure 5 . A residual scattering density up to 2.2% (molecule 1: 295 K) and up to 2.3% (molecule 2: 295 K) of the strongest Fourier peak (chlorine) was observed. Therefore no indications for molecular disorder as discussed by Sharm a et al. [6] were found in the differ ence Fourier syntheses.
